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I. INTRODUCTION
Studies of the electron-impact ionization of biomolecules provide important information on the role of electrons in causing damage to DNA in biological systems. It is now well established that low energy secondary electrons produced by high energy primary radiation are responsible for much of the damage to DNA in living tissue. 1, 2 In order to predict cellular damage it is desirable to model the trajectories of primary and secondary particles through a biological medium. This can be done by calculating the path along which the primary and secondary particles move as they pass through matter, known as their charged particle track structures. [3] [4] [5] [6] Detailed information is required on the initial spatial distribution of events involving both ionization and excitation along the charged particles path. Differential cross sections are an important source of this information as they enable a complete three-dimensional description of the deposition of energy as a function of angle. 5 In the majority of track structure simulations in biological media, the focus is on water 3, 6 as the primary species in the system, but the inclusion of contributions from other species present is needed for a more complete description of the process. Due to the challenging nature of performing measurements and calculations of cross-sectional data for electron interactions with larger molecules, there are currently limited data for targets of biological interest. a) Authors to whom correspondence should be addressed. Electronic addresses: susan.bellm@flinders.edu.au and michael.brunger@flinders. edu.au.
Pyrimidine (C 4 H 4 N 2 )
is an important molecule of biological significance. It possesses a six membered ring structure belonging to the group of diazines, where the two nitrogen atoms in the ring are located in the meta positions. The molecular point group of pyrimidine is C 2v . The pyrimidine molecule is of particular interest because it forms the fundamental structure in several nucleobase ring systems, and it is because of this structural similarity that it has been used as a model compound to investigate electron collisions with DNA constituents. [7] [8] [9] Indeed, two of the four nucleobases found in DNA, that is cytosine and thymine, as well as the RNA base uracil are pyrimidine derivatives.
The power of the electron-electron coincidence (e, 2e) technique for investigating the ionization dynamics of atoms and molecules is well recognized. 10 In an (e, 2e) experiment information about the collision of an incident electron with an atomic or molecular target is obtained by measuring the energy and momenta of the outgoing electrons in time coincidence. The technique can be used to provide spatial information about the scattering direction of electrons. A key objective of the present study is to further our understanding of electron interactions with bio-molecules, using smaller molecules to compare directly with the components of larger biological systems. While measuring cross sections for isolated molecules in the gas phase can, of course, only approximate what occurs in biological systems, it is good starting point and has proven to be a useful approach. [11] [12] [13] Despite the fact that many dynamical (e, 2e) studies of atomic systems have been reported, low-energy (e, 2e) studies of molecules have not been as numerous. Indeed, while there has been an increased interest in these studies over the last decade, both theoretical and experimental studies have mostly been limited to smaller targets. Recently, molecules including methane 14, 15 and formic acid 16 have been investigated. Studies concerning larger molecules such as component molecules of DNA and RNA are rare, and include tetrahydrofuran 17 and theoretical studies on thymine. 18 Difficulties in the theoretical calculations arise from the fact that the orientation of the molecule is not commonly determined by experiment and an averaging over all molecular orientations must be incorporated into the theoretical approach. Furthermore, the theoretical approach must include a multicentred wave function. This is in contrast to the much simpler atomic cases where atoms have only a single scattering centre and spherically symmetric wave functions. 19 While to the best of our knowledge the present study represents the first dynamical (e, 2e) investigation of pyrimidine, the bound electronic structure has previously been probed by electron momentum spectroscopy (EMS). Ning et al. have reported EMS measurements of the complete valence region of pyrimidine at incident electron energies of 600 eV and 1500 eV, and compared their measured results with HartreeFock and density functional theory (DFT) calculations. 20 Shojaei et al. have also recently reported an extensive theoretical study of its valence electronic structure, ionization spectrum, and electron momentum distributions. 21 The valence electronic structure of pyrimidine and a number of its halogenated derivatives have also recently been investigated using ultraviolet photoelectron spectroscopy and ab inito quantum chemical methods.
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II. EXPERIMENTAL DETAILS
The electron impact induced single ionization of a ground state pyrimidine molecule, C 4 H 4 N 2 , can be described by
where E i , E a , E b and k i , k a , k b are the kinetic energies and momenta of the incident, scattered, and ejected electrons, respectively.
The triple differential cross section (TDCS) is represented by
and it is a measure of the probability that after ionization of a target species by a projectile with energy E i and momentum k i , two electrons will be produced with energies E a and E b , and momenta k a and k b into the solid angles a and b . The momentum transferred to the target is
In the present study, coplanar asymmetric measurements were performed using a conventional coincidence spectrometer. The experimental apparatus has previously been described in detail 17, 23 and so only a brief overview will be given here. An incident beam of electrons is produced by thermionic emission from a tungsten filament and is collimated and transported to the interaction region using five cylindrical electrostatic lens elements. The resulting incident electron beam energy resolution is approximately 0.5 eV. At the interaction region the electron beam crosses a molecular target beam. The target beam enters the interaction region through a 0.7 mm internal diameter stainless steel capillary. In the current configuration of the apparatus, the capillary and thus the target beam are oriented parallel to the scattering plane, which is defined by the momentum vectors of the incident and measured outgoing electrons. The higher energy (scattered) and lower energy (ejected) outgoing electrons are both detected in separate hemispherical energy analysers, each comprising a 5-element electrostatic entrance lens system, hemispherical selector, and channel electron multiplier detector. (e, 2e) events are identified using standard coincidence timing procedures 24 from the relative arrival times of electrons at the two detectors and background events are subtracted using standard statistical methods. The two electron energy analysers are mounted on independently rotatable turntables concentric with the interaction region. In dynamical TDCS measurements, the scattered electron is detected at a fixed (small) forward angle with respect to the incident electron beam direction. Ejected electron angular distributions are measured by scanning the ejected electron energy analyser and detecting electrons at a number of different angles within the scattering plane. In the current measurements the coincidence energy resolution of the system is approximately 1.1 eV (FWHM), as determined from a measurement of the helium 1s binding energy peak.
Pyrimidine is a liquid at room temperature with sufficient vapour pressure at room temperature to perform our measurements. The pyrimidine sample 99% (Sigma-Aldrich, Australia) was treated with several freeze-pump-thaw cycles prior to use to remove absorbed gases. To prevent possible condensation of pyrimidine within the sample lines, which may contribute to instability in the rate of flow of the sample into the vacuum chamber, the sample lines, and vacuum chamber were heated to approximately 40
• C throughout the measurements.
III. THEORETICAL FRAMEWORK
The molecular 3-body distorted wave (M3DW) approximation has been presented in previous papers, [25] [26] [27] so that only a brief outline of the theory will be presented. The TDCS for the M3DW is given by
where k i , k a , and k b are the wave vectors for the initial, scattered, and ejected electrons. The scattering amplitude is given by
where r 1 29 with the triple-zeta with two polarization functions Slater type basis set. For the 7b 2 orbital, the average of the absolute value of the Dyson wave function is taken since the normal average is zero. 15 The factor C scat−ej ect (r ave 12 ) is the Ward-Macek average Coulombdistortion factor between the two final state electrons, 30 V is the initial state interaction potential between the incident electron and the neutral molecule, and U i is a spherically symmetric distorting potential which is used to calculate the initialstate distorted wave for the incident electron χ + i ( k i , r 1 ). The Schrödinger equation for the incoming electron wave function is given by
where T is the kinetic energy operator and the "+" superscript on χ
indicates outgoing wave boundary conditions. The initial state distorting potential contains three components U i = U s + U E + U CP , where U s contains the nuclear contribution plus a spherically symmetric approximation for the interaction between the projectile electron and the target electrons which is obtained from the quantum mechanical charge density of the target. U E is the exchange potential of Furness and McCarthy (corrected for sign errors) 31 which approximates the effect of the continuum electron exchanging with the passive bound electrons in the molecule, and U CP is the correlation-polarization potential of Perdew and Zunger. 32, 33 The final state for the system is approximated as a product of distorted waves for the two continuum electrons times the average Coulomb-distortion factor. The final state distorted waves are calculated as the initial state except that the final state spherically symmetric static distorting potential for the molecular ion is used for U s . Figure 1 shows the present binding energy spectrum for the outer valence region of pyrimidine. The incident and ejected electron energies were fixed at 250 eV and 20 eV, respectively, while the scattered electron energy was scanned across a range of energies. The detection angles for the scattered and ejected electrons were selected to be −15
IV. RESULTS AND DISCUSSION
• and 70
• , respectively. As noted earlier, the experimental coincidence energy resolution under the chosen conditions was estimated to be 1.1 eV FWHM, from the width of the helium 1s binding energy peak measured under the same kinematics. The binding energy spectrum has been fitted with a sum of eight Gaussian functions of a fixed width, which corresponds to the experimental coincidence energy resolution. Note that as our coincidence energy resolution is much larger than the natural widths of the various orbitals, [34] [35] [36] [37] [38] this is a reasonable approximation in this case.
The valence electronic structure of pyrimidine is relatively well characterised. Photoelectron spectra of pyrimidine have been recorded using synchrotron radiation, 34, 39 as 34 It should also be noted that although the C 2v point group was adopted, a different notation has been used to label the orbitals in some of the previous pyrimidine PES studies. 22, 36 The highest occupied molecular orbital (HOMO) is the 7b 2 orbital which has a binding energy of 9.8 eV. With our coincidence energy resolution this cannot be fully resolved from the next highest 2b 1 orbital. Note that the 7b 2 orbital of pyrimidine can be considered as being essentially a non-bonding orbital associated with the N atoms. 40 The largest peak in the spectrum shown in Fig. 1 , at a binding energy of 13.9 eV, is assigned as being predominantly due to ionization of the 10a 1 orbital although contributions from the 1b 1 and 6b 2 orbitals are also likely to be present. Experimental and theoretical TDCSs for the outermost 7b 2 orbital of pyrimidine at a scattering angle of −15
• are presented in Figure 2 . The measurements were performed at a relatively low incident electron energy of 250 eV and the energy for the ejected electron was chosen to be 20 eV. As the energy separation between the HOMO and the next highest occupied molecular orbital is only 0.7 eV, well below the 1.1 eV FWHM coincidence resolution of our apparatus, we reiterate that the data in the present measurements most likely contains contributions from both orbitals. The uncertainties on the present 7b 2 TDCS are statistical and are at the one standard deviation level.
Conventionally, the angular distributions are divided into two regions. 24 These are the angular region between 0 • and 180
• , which is known as the binary region, and the region between 180
• and 360
• which is named the recoil region. The binary region may contain strong signatures of the orbital structure whereas the recoil region contains structure arising from processes in which the ejected electron undergoes an initial binary collision and then subsequent elastic backscattering from the residual ion core. The present experimental 7b 2 orbital binary peak data appears (see Fig. 2 ) to have a double peak type structure with a local minimum in the angular range very close to the momentum transfer direction. The slight shift of the binary peak, to larger scattering angles, away from the momentum transfer direction is likely caused by Coulomb repulsion between the final state electrons. A double peak type structure in the binary peak of atomic orbitals is characteristic of a p-type orbital and reflects the momentum probability density distribution of electrons in these orbitals. 41 The 7b 2 orbital is of N 2p character, 34 thus the observed structure most likely reflects the 2p nature of the molecular orbital. The M3DW predicts a double binary peak as well but the peak positions are shifted to larger scattering angles by about 20
• and the second peak has a much lower intensity than the experimental data.
The M3DW calculation also predicts the relative magnitudes of the 7b 2 orbital binary and recoil peaks quite well. As the experimental data are relative they are only attributed absolute values by normalization to the M3DW theory to give the best visual fit in the binary peak region. The size of the recoil peak is small, indicating that there is not a large amount of interaction of the ejected electron with the molecular ion. This is expected as the kinematics are close to bound Bethe ridge conditions. On the Bethe ridge the kinematics satisfy the requirement that all momentum is transferred to the bound, target electron during the collision. Under such conditions, the collision kinematics correspond to a binary e-e collision, where the ion plays no role, and practically no recoil lobe is expected. Interestingly, the HOMO binary peak here also appears quite narrow. This is in contrast to previous dynamical (e, 2e) studies on molecules, including for tetrahydrofuran, 17 formic acid, 16 water, 42 nitrogen, 43 and methane, 14 under similar kinematics in which very broad binary peaks have been observed for ionization of the HOMO.
Triple differential cross sections for the 10a 1 orbital of pyrimidine, at scattered electron angles of −5, −10
• , and −15
• , are shown in Figures 3(a)-3(c) . These measurements were also performed at an incident electron energy of 250 eV and the energy of the ejected electron was 20 eV. Again absolute values are assigned to the experimental data by normalization of the data set to the corresponding M3DW calculation to achieve the best visual fit. For the smallest scattering angle of −5
• , the binary peak is somewhat broader than in Fig. 2 . As the momentum transfer is increased with increasing scattered electron angle, the binary peak is seen to become narrower. This observation is supported by our M3DW results. All the TDCSs for the 10a 1 orbital indicate a single binary peak consistent with it being an s-type orbital, a result consistent with the classification given in Table I . The EMS study by Ning et al., however, observed a p-type momentum distribution at this binding energy. 20 This is likely to be caused by contributions from the 1b 1 and 6b 2 orbitals as with the coincidence energy resolution of their apparatus they were unable to separate contributions from these orbitals. While this is also true in our case, it appears from Fig. 3 that with the present kinematics the contribution from the 1b 1 and 6b 2 orbitals to the 10a 1 TDCS is not so severe. Once more it appears that there is very little interaction of the ejected electron with the molecular ion as the 10a 1 recoil peaks are small in magnitude.
Contrary to the case for the 7b 2 orbital, where the absolute value of the Dyson wave function is averaged (as taking the average of the molecular wave function would be zero for this symmetry), the totally symmetric nature of the 10a 1 orbital allows its wave function to be averaged over all orientations. The two types of calculations are compared in Figure 3 (c), the method averaging the wave function clearly giving a superior result to the method averaging the absolute value of the wave function. Note that to facilitate comparison, the calculation where the absolute value of the wave function is averaged has been normalized to the calculation averaging the wave function at the maximum of the binary peak. For the scattering angles of −10
• and −15
• very good qualitative agreement is seen between the M3DW theory and the experimental data. The calculations predict both the shape of the binary peak and the ratio of the binary to recoil peaks very well. Note also that Coulomb repulsion between the final state electrons causes a slight shift of the binary peak, to larger scattering angles, away from the momentum transfer direction.
Agreement between the M3DW calculation and experimental data is not quite as good at the scattering angle of −5
• , with the M3DW somewhat underestimating the width of the binary peak. It is possible that this extra width in the experimental cross section is due to contributions from the other unresolved 1b 1 and 6b 2 orbitals that are likely to be present. Although the magnitude of the calculated recoil peak is larger than for −10
• and −15 • , it is still not as large as that observed in the experimental data. As discussed in a previous paper, 17 a similar situation for DWBA type calculations was also observed for tetrahydrofuran and methane 44 for larger impact parameter collisions. Toth and Nagy showed that the magnitude of the recoil peak is related to the nuclear term in the static potential 44 and an underestimation of the recoil peak was attributed to a spreading of the nuclear charge over a spherical shell leading to a nuclear interaction that is too weak.
While good qualitative agreement is observed between the M3DW calculation and experimental data, absolute cross section measurements are needed to assess how close the magnitudes of the predicted TDCSs are to the true values. Unfortunately, placing TDCS data on an absolute scale has traditionally been a difficult process. 45, 46 A simple method for absolute (e, 2e) measurements was recently reported, 46 however due to the high density of molecular orbitals such measurements would still be very difficult to perform for a molecular target of the complexity of pyrimidine.
V. CONCLUSIONS
Experimental and theoretical dynamical (e, 2e) results were presented for the pyrimidine molecule, which is a model compound to investigate electron interactions with the DNA bases thymine and cytosine and the RNA base uracil. The measured binding energies and orbital assignments were found to be in good agreement with the available EMS and PES data. Experimental TDCSs for both orbitals investigated exhibited a narrow binary peak at all scattered electron angles with the exception of −5
• for the 10a 1 orbital. The experimental data were also compared with results from theoretical cross sections obtained using the M3DW method. The M3DW calculations taking an average of the molecular wave function gave much better agreement with the experimental data than when the average of the absolute value of the wave function was employed in the calculation. The M3DW calculation predicted a narrower binary peak in the TDCS for the scattering angle of −5
• for the 10a 1 orbital, than is observed in the experimental data. This is likely due to contributions from the 1b 1 and 6b 2 orbitals to the experimental data. However, overall we conclude that the M3DW calculations are in rather good qualitative agreement with the experimental data especially given the complicated nature of the molecular target. The good agreement between experiment and theory strongly supports the use of M3DW calculations as input in chargedparticle track structure modelling.
